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ABSTRACT erable variation has since been reported in pathogen
isolates collected in the USA (Chen et al., 1995; MarshallBarley stripe rust (caused by Puccinia striiformis Westend. f. sp.
and Sutton, 1995; Roelfs and Huerta-Espino, 1994).hordei) is an important disease of barley (Hordeum vulgare L. subsp.

vulgare). This disease reached the Americas in 1975. It is now endemic Chen et al. (1995), on the basis of seedling resistance
from the Andean region of South America to western North America. of barley genotypes to races of P. striiformis f. sp. hordei,
We are systematically mapping quantitative resistance genes present selected a series of differentials. Genotypes were identi-
in ICARDA/CIMMYT germplasm and introgressing these genes into fied which were resistant to all North American isolates.
barley germplasm adapted to western North America. Resistance to Chen et al. (1995, 1998) and Chen and Line (1999) re-
stripe rust in the Triticeae can be race- and growth-stage specific. In ported that most of the seedling resistance genes were
this study, we mapped genes conferring resistance at the seedling

recessive.stage, after inoculation with defined isolates (PSH-1, PSH-13, PSH-
Genetic resistance is the most successful, efficient,14), in a doubled haploid population in which adult plant resistance

and economical means to control rusts in cereals and itgenes had previously been mapped. The disease reaction data for
should be used for the control of BSR. Since most ofeach of three isolates fit a 3:1 (susceptible: resistant) ratio, indicating

that two genes are required for resistance. Quantitative trait loci the cultivars currently grown in the USA are susceptible
(QTL) effects and significance were estimated by means of QTL to BSR, development of resistant cultivars is a priority
mapping procedures and logistic regression analysis, taking into ac- in the Pacific Northwest, where the disease can be a
count the binomial distribution of the trait. Two resistance QTL—one principal production constraint. Breeders face the ques-
on chromosome 5 (5H) and one on chromosome 6 (6H)—were de- tion: “what type of resistance to use: quantitative or
tected and in all cases ‘Shyri’ contributed the resistance alleles. No qualitative?”
QTL � race interaction was detected. The two seedling resistance

Qualitative resistance can be described in terms ofQTL map to the same regions of the genome as two of the four adult
resistant vs. susceptible reaction and it is frequentlyplant resistance QTL. These data lay the foundation for more detailed
interpreted in terms of a gene-for-gene system (Flor,analyses directed at unraveling the genetics of qualitative and quanti-
1946). Its use in breeding resistant varieties can betative disease resistance mechanisms.
straightforward. Quantitative resistance is a disease re-
sponse that defies easy rating (i.e., resistant vs. suscepti-
ble). This type of resistance can be described in termsBarley stripe rust is an important disease of bar-
of a scale, such as percent severity on a plot basis. Aley. This disease has caused serious yield losses
quantitatively resistant genotype allows some symptomthroughout the world (Dubin and Stubbs, 1985). In the
development under intense epidemic conditions. In theAmericas, barley stripe rust (BSR) was first observed
case of stripe rust, the wheat–wheat stripe rust modelin Colombia in 1975 and Dubin and Stubbs (1985) postu-
has been much more extensively studied than the bar-lated that the disease was introduced from Europe. The
ley–barley stripe rust model, and in the former, quantita-disease spread southward, reaching Argentina in 1982,
tive resistance is defined as resistance which is nonraceand northward, reaching Mexico in 1987 (Calhoun et
specific and expressed only at the adult plant stage (Mi-al., 1988). In the USA, BSR was first observed in Texas
lus and Line, 1986a,b). The use of quantitative resistancein 1991 (Marshall and Sutton, 1995). By 1995, the disease
in a breeding program requires extensive field testingwas reported throughout the western USA. Commer-
and this type of resistance is generally more difficult tocial-scale epidemics have occurred annually in Califor-
breed for than qualitative resistance. The interest innia and Oregon since 1995. At least one million of the
quantitative resistance is due to its probable durability.approximately 3.2 million acres of barley in the western

In the case of BSR, the germplasm developed by theUSA could be considered at risk to BSR.
ICARDA/CIMMYT program in Mexico allows limi-The population of BSR in the Americas was first
ted symptom development when exposed to the spec-described as race 24 (Dubin and Stubbs, 1985), which
trum of virulence encountered in field tests in Southwas first reported in Europe in the early 1960s. Consid-
America, Mexico, and the USA. Sandoval-Islas et al.
(1998) determined the resistance of 500 accessions fromA.J. Castro, P.M. Hayes, and S.J. Knapp, Dep. of Crop and Soil

Science, 253 Crop Science Building, Oregon State Univ., Corvallis, this breeding program at the seedling and adult plant
OR 97331-3002; X. Chen and R.F. Line, USDA, Washington State stages. Eight-six percent of the accessions showed a sus-
Univ., Pullman, WA 99164-6430; T. Toojinda, DNA Fingerprinting ceptible reaction when inoculated at the seedling stageUnit, National Center for Genetic Engineering and Biotechnology,

with a Mexican isolate of P. striiformis f. sp. hordei cor-Kasetsart Univ., Kampangsaen Campus, Nakorn Pathom, Thailand;
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responding to race 24. Seventy-six percent of the lines tance genes with the adult plant resistance QTL re-
ported by Toojinda et al. (2000).had low disease severities (10% or less) at the adult

plant stage. The fact that ICARDA/CIMMYT germ-
plasm has remained resistant to BSR over a 15-yr period

MATERIALS AND METHODSmay be grounds for describing it as having durable resis-
Plant Materials and Evaluations of Disease Resistancetance. Accordingly, one approach to develop resistant

varieties for the U.S. Pacific Northwest would be to Ninety-four F1-derived doubled haploid (DH) lines were
introgress quantitative resistance genes from the un- produced from the cross of Shyri � Galena as described by
adapted ICARDA/CIMMYT germplasm. Toojinda et al. (2000), using the Hordeum bulbosum L. tech-

To accomplish this resistance gene identification and nique (Chen and Hayes, 1989). Shyri is a two-rowed feed
barley developed by ICARDA/CIMMYT (Mexico) and re-introgression as quickly and efficiently as possible, we
leased by INIAP (Ecuador). Galena is a proprietary two-initiated a collaborative effort to use molecular markers
rowed malting barley belonging to the Coors Brewing Com-for resistance QTL mapping and marker-assisted selec-
pany, Inc.tion (reviewed by Hayes et al., 2001). We mapped QTL

Adult-plant disease severity assessments, linkage mapping,
for BSR resistance to barley chromosomes 4(4H) and and QTL analysis procedures for adult plant resistance were
7(5H) in one accession (Chen et al., 1994) and chromo- described by Toojinda et al. (2000). For the current study, the
somes 2(2H), 3(3H), 5(1H), and 6(6H) in another (Too- parents and the DH population were assayed for resistance
jinda et al. (2000). We hypothesized that these acces- to BSR, at the seedling stage, following the procedures de-

scribed by Chen and Line (1992). Isolates corresponding tosions have different BSR resistance QTL alleles and
races PSH-1, PSH-13, and PSH-14 of P. striiformis f. sp. hordeiproceeded to develop a complex population pyramiding
(Chen et al., 1995) were used to inoculate the seedlings. Infec-the resistance QTL alleles on chromosome 4(4H) and
tion types were recorded 20 d after inoculation on the basis7(5H) sib with the resistance QTL alleles on chromo-
of a 0-to-9 scale (0: complete resistance; 9: complete suscepti-some 5(1H) (Castro et al., 2000). Experimental results bility) as described by Line et al. (1974).

have confirmed the QTL effects in the new genetic
background (Castro et al., 2002b). Thomas et al. (1995)

Analysesreported BSR resistance QTL alleles in the cultivar
Chi-square tests were used to determine the goodness ofBlenheim in the same region as reported by Toojinda

fit of the phenotypic segregation ratios. For the chi-squareet al. (2000) and Chen et al. (1994). The chromosome
tests, DH lines with 0 to 5 scores were considered as resistant5(1H) QTL maps to the same region as Rps4 (previously
and DH lines with of 6 to 9 scores were considered as suscepti-called Yr4), a resistance gene present in several Euro-
ble (Line et al., 1974; Line and Qayoum, 1991; Chen and Line,pean barley cultivars (Von Wettstein-Knowles, 1992). 1999).

The focus of the OSU/ICARDA/CIMMYT mapping For mapping the genes conferring resistance at the seedling
and introgression experiments has been on adult plant stage, we used the linkage map and data reported by Toojinda
field resistance, on the basis of the experience and suc- et al. (2000). QTL were mapped by means of the interval
cess of the ICARDA/CIMMYT barley program and mapping (SIM) and simplified composite interval mapping

(sCIM) procedures of MQTL (Tinker and Mather, 1995), re-perspectives on durable resistance obtained in the Pa-
gression procedures, and the single and multitrait options im-cific Northwest with the wheat–wheat stripe rust model
plemented in MultiQTL 1.55 http//esti.haifa.ac.il/�poptheor/(Milus and Line, 1986a, b). It is also of interest to deter-
MultiQtl/MultiQtl.htm; verified April 30, 2002).mine the race specificity and growth stage specificity of

Intermediate values may represent misclassifications of dis-resistance, although these specificities are often con- ease reaction; accordingly, we repeated our analyses treating
founded, in the sense that race specificity is typically these intermediate values as missing observations. Because
defined on the basis of the reaction of seedlings to inocu- the results were the same as those obtained with the full
lation with defined isolates under controlled environ- dataset, we report results only from the latter. For the MQTL

analysis each dataset was analyzed with 1000 permutations, ament conditions.
5 centimorgan (cM) walk speed, and a Type I error rate ofThe availability of immortal doubled haploid map-
5%. For sCIM, 18 background markers with approximatelyping populations allows for mapping determinants of
even spacing were specified, with a maximum of three back-multiple phenotypes, including resistance at different
ground markers per linkage group. For the MultiQTL analysisgrowth stages and the reaction to different isolates. each dataset was analyzed with 1000 permutations to establish

Hayes et al. (1996) mapped seedling and adult plant the significance of the QTL and a bootstrap simulation (with
resistance QTL in the same ICARDA/CIMMYT acces- 1000 samples) was used for the assignment of each significant
sion and reported that seedling and adult plant resis- QTL to a defined marker interval. Datasets corresponding to

each race were analyzed individually, and then jointly to testtance QTL coincided on chromosome 4(4H). Shyri, the
for QTL � race interaction.cultivar studied by Toojinda et al. (2000) showed a

Genome regions affecting resistance to stripe rust revealedhighly resistant reaction to three isolates, when inocu-
by the QTL scans were used in performing a QTL analysislated at the seedling stage. These three isolates—PSH-
analogous to candidate gene analysis, where the genotypes1, PSH-13, and PSH-14—represent races showing a of the flanking markers are used as independent variables.

range of virulence (Chen et al., 1995). Accordingly, the Recombinant genotypes were not included in the analysis.
objectives of this study were to determine (i) the number Therefore, the independent variables had two levels each,
and location of BSR seedling resistance genes in Shyri with each level corresponding to a parental genotype. The

treatment design was a 2 � n factorial, where n is the numberand (ii) the linkage relationships of these seedling resis-
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of genome regions detected. The difference between parental
marker class means estimates the additive effect of the QTL
flanked by the markers. Double crossovers between the QTL
and marker loci downwardly bias estimates of the effects.
Thus, differences between parental marker genotype means
are conservative estimates of the effects of QTL residing in
the n chromosomal regions.

Because the response (dependent) variable was binomial
(1 � resistant and 0 � susceptible) and the response probabil-
ity distribution was binomial, the analysis was performed by
a generalized linear model (Nelder and Wedderburn, 1972;
McCullagh and Nelder, 1989) with a logit link function, g(�) �
log[�/(1 � �)], and binomial errors, where � is the expected
value of y � r/n (the probability of resistance to stripe rust),
r is the number of resistant lines, n is the total number of
lines, and r � 1, 2,..., n.. The probability distribution and
variance of y are

Fig. 1. Phenotypic distribution of infection type in the Shyri � Galenaf(y) � �nr� �r(1 � �)n�r

DH mapping population when inoculated at the seedling stage with
three North American races of Puccinia striiformis f. sp. hordei.

and [�(1 � �)]/n, respectively. We performed statistical analy-
ses using the SAS (2001) GENMOD procedure. Parameters Mapping Resistance Genes
and test statistics were estimated by a Type III analysis (analo-

To locate the genes responsible for the seedling resis-gous to partial sums of squares analyses of general linear
models). We performed separate analyses of the effects for tance we used QTL analysis tools, recognizing that the
each stripe rust race and a combined analysis across stripe phenotypic values were not normally distributed. Our
rust races. The former analyses entailed estimating the least expectation was that the QTL analysis tools would pro-
square means for each QTL and their interactions, the additive vide us with estimates of the numbers of genes determin-
effects, the additive by additive interaction effects, and likeli- ing resistance and approximate locations of these genes.
hood ratio statistics for tests of significance of the effects (P For each one of the three races, two large-effect QTLvalues were calculated by means of asymptotic chi-square

were detected. These QTL were detected on chromo-distributions). The latter analysis entailed estimating the least
somes 5(1H) and 6(6H) by all QTL analysis procedures.square means and test statistics for the effect of stripe rust race
These QTL will be referred to as QTL5 and QTL6 in(R) and interaction effects between R and QTL, in addition to
the reminder of this manuscript (Table 3). No significantthe main and interaction effects across races. The probability
QTL � race interaction was detected.of resistance to stripe rust was estimated for genotypes by ep/

(1 � ep), where p is the least square mean for the individual Using MultiQTL, we detected two significant QTL
QTL and QTL � QTL interaction. at the previously mentioned positions on chromosomes

Table 1. Numbers of resistant and susceptible doubled haploid
lines in the Shyri � Galena population when inoculated at theRESULTS
seedling stage with three North American races of Puccinia

Seedling Resistance–Susceptibility striiformis f. sp. hordei. The hypothesized ratios and corre-
sponding Chi-square test are shown.Phenotype Data

No. of doubled haploid lines
HypothesizedWhen the Shyri � Galena DH population was inocu-

phenotypic ratio
lated, under greenhouse conditions, with races PSH-1,

Race Susceptible Resistant S:R PPSH-13, and PSH-14 of P. striiformis f. sp. hordei, the
PSH-1 62 23 3:1 0.661reactions to each isolate (Fig. 1) fit a 3:1 (susceptible:
PSH-13 65 22 3:1 0.951resistant) ratio (Table 1). In a DH population, segrega- PSH-14 62 25 3:1 0.421

tion of alleles at a single locus gives a 1:1 phenotypic
ratio and dihybrid segregation with independent assort-

Table 2. Numbers of resistant and susceptible doubled haploidment gives a 1:1:1:1 ratio. Therefore, a 3:1 ratio can be lines in the Shyri � Galena population when inoculated at the
interpreted as evidence that the resistant phenotype is seedling stage with three North American races of Puccinia

striiformis f. sp. hordei, classified according to reaction to eachconferred only when the two resistance genes are pres-
of the three races. (resistant: score �5; susceptible score �6).ent. Examples of this type of digenic resistance have

been described for stem and leaf rust of wheat (Knott Race
and Anderson, 1956; Singh and McIntosh, 1984). PHS-1 PHS-13 PHS-14 No. of DH lines

Although the number of DH lines in each of the
R R R 13phenotypic classes is almost the same for each of the R R S 1

three races (Table 1), the DH lines in each group were R S R 2
R S S 6not always the same (Table 2). This could be due to
S R R 4misclassification of the resistance phenotype, or, as elab- S R S 2
S S R 4orated upon in the Discussion, to linked, race-specific
S S S 52resistance genes.
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Table 3. SIM and sCIM scores of the significant peaks from the of crossovers in the QTL5 and QTL6 regions nine DH
MQTL combined analysis of the three races and LOD scores lines (seven for QTL5 and two for QTL6) were not
of the same QTL detected using the multitrait procedure of included in the subsequent analyses.MultiQTL.

The likelihood ratio statistics were significant for
MQTL scores MultiQTL QTL5 and QTL6 (except for QTL6, race PHS-1) when

SIM 5% threshold. sCIM LOD score P races were analyzed individually and in the joint analysis
of all three races (Table 5). No significant QTL � raceQTL5 89.1 29.2 91.2 11.68 �0.001

QTL6 23.9 29.2 23.7 3.19 0.030 interaction was detected in the joint analysis. No
QTL5 � QTL6 interaction was detected in any of the
analyses. As shown in Fig. 4, the probability of resistanceTable 4. Numbers of resistant (R) and susceptible (S) doubled

haploid lines in the Shyri � Galena population, inoculated at was between 70 and 80% when both resistance genes
the seedling stage with three North American races of Puccinia are present. The probability of resistance was lower than
striiformis f. sp. hordei, classified according to their reaction 40% for all other combinations of alleles at the twoto each one of the races and the alleles present in the QTL

QTL regions. This distribution of allele values may ac-regions on chromosomes 5(1H) and 6(6H).
count for the observed 3:1 phenotypic ratio.

Alleles in PSH-1 PSH-13 PSH-14

QTL5 QTL6 R S R S R S
DISCUSSIONShyri Shyri 11 6 11 3 11 3

Shyri Galena 4 8 4 8 4 8 At the level of resolution afforded by QTL analysis,Galena Shyri 2 14 2 14 4 12
we can conclude that determinants of resistance to theGalena Galena 2 20 0 22 0 22
three isolates at the seedling stage, and determinants of
adult plant resistance, map to the same regions of the5(1H) and 6(6H). LOD values were lower for QTL6.
genome. QTL coincidence can be due to linkage orThe multitrait analysis performed with MultiQTL also
pleiotropy, and QTL confidence intervals span largedetected the same two QTL determining resistance to
physical distances, according to the physical map ofall three races (Table 3). In both cases, the alleles associ-
Künzel et al. (2000). Accordingly, we do not know ifated with the higher level of resistance came from Shyri
the same genes, or if linked genes, are involved in seed-(Table 4).
ling and adult plant resistance. The QTL5 is located inThe locations of the seedling resistance QTL on the
a region of intermediate recombination frequency, whileShyri � Galena map are presented in Fig. 2, on the
QTL6 is located in the border between high and lowbasis of the QTL peaks detected by both analysis proce-
recombination frequency zones (Künzel et al., 2000;dures. The confidence intervals are based on the boot-
Hayes et al., 2000). The QTL5 region comprises a rela-strap simulations from MultiQTL. The QTL on chromo-
tively small physical part of the chromosome. The QTL6some 5(1H) (QTL5) is located in a confidence interval
region with the present level of resolution, however,spanning 23.3 cM (LM637/8-3 to Bmac213) and the QTL
covers approximately half of the corresponding chro-on chromosome 6(6H) (QTL6) is located in a confi-
mosome.dence interval spanning 37.0 cM (MWG652A to Linka).

Resistance genes determining responses to the sameBoth QTL are coincident in their location with the two
and/or different pathogens are known to cluster in plantsmost important adult plant resistance QTL reported by

Toojinda et al. (2000) (Fig. 3). Because of the presence (Michelmore, 1995; Kanazin et al., 1996; Ellis et al.,

Fig. 2. MultiQTL LOD scores of BSR seedling reaction to inoculation with three isolates, based on individual and joint datasets, on chromosomes
5(1H) and 6(6H) in the Shyri � Galena population.
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1998). Multiple quantitative and qualitative resistance notype at the seedling stage and under controlled envi-
ronment conditions, is qualitative. Because Shyri hasgenes conferring resistance to different pathogens, and

different specificities of the same pathogen, have been remained resistant to the spectrum of virulence encoun-
tered in North and South America over a 15-yr periodmapped to the QTL5 and QTL6 regions (von Wettstein-

Knowles, 1992; Thomas et al, 1995; (Steffenson et al., and because this cultivar allows some symptom devel-
opment at the adult plant stage when exposed to field1996; Hayes et al, 2000; Backes et al., 1995; Spaner et

al., 1998; Qi et al., 1998). inoculum, the variety is considered by the ICARDA/
CIMMYT program to have quantitative resistance.In the case of the Shyri � Galena population, the stripe

rust resistance phenotype at the adult plant stage, under Quantitative resistance at the adult plant stage (sensu
Chen and Line, 1995) is considered non race specific.field conditions, is quantitative while the resistant phe-

Fig. 3. Linkage maps of chromosomes 5(1H) and 6(6H) of the Shyri � Galena population based on Toojinda et al.(2000), showing seedling
resistance QTL to each of the three isolates (PHS-1, PHS-13, PHS-14), the combined seedling reaction data (multi trait) and the adult-plant
resistance QTL reported by Toojinda et al. (2000). Marker locus names are on the left side of each linkage group and distances (Kosambi
cM) are shown for each marker interval.
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Table 5. Likelihood ratios for tests of significance of the QTL isolates (Table 2) or the lack of significance of the QTL6
main and interactions effects from separate analyses for each effect for PSH-1, and it does not support the definition
stripe rust, and QTL and race main and interactions effects for of adult plant quantitative resistance, sensu Chen andthe combined analysis across stripe rust races (P-values were

Line (1995) and Sandoval-Islas et al. (1998). Shyri wascalculated by means of asymptotic chi-square distributions).
not among the ICARDA/CIMMYT accessions studied

Effect �2 statistic P � �2

by the latter authors.
PHS-1 QTL5 11.66 0.0006 An alternative hypothesis, assuming that the coinci-

QTL6 1.85 0.1741 dent QTL for adult and seedling resistance representQTL5 � QTL6 0.71 0.3997
PHS-13 QTL5 21.65 0.0001 effects of the same genes, is that the QTL are race

QTL6 7.66 0.0057 specific but that the three races, which were used for
QTL5 � QTL6 0.68 0.4081

the seedling tests, did not represent a sufficiently largePHS-14 QTL5 17.64 0.0001
QTL6 13.03 0.0003 sample of the pathogen population. This would imply
QTL5 � QTL6 1.39 0.2383 that the QTL considered to be the determinants of adultJoint analysis QTL5 50.67 0.0001

plant resistance QTL (Toojinda et al., 2000) may beQTL6 20.05 0.0001
QTL5 � QTL6 1.67 0.4334 the effects of race-specific genes. In this scenario, the
Race 1.12 0.2906 spectrum of races encountered in the field tests was notRace � QTL5 2.84 0.2413
Race � QTL6 4.35 0.1136 sufficiently diverse to reveal race specificity, although
Race � QTL5 � QTL6 2.75 0.2530 the variable magnitude of resistance QTL across envi-

ronments (Toojinda et al., 2000) could reflect the fre-
quencies of different races in the pathogen population.Seedling resistance is generally thought to reflect gene-
A third possibility is that each of the QTL regions repre-for-gene relationships (McIntosh and Wellings, 1986).
sents the effects of multiple, linked genes, each of whichThe three races used in this experiment have shown
conditions different race and/or growth stage speci-important differences in their virulence when tested
ficities.with differential cultivars (Chen et al., 1995). That the

Additional experiments will be necessary to deter-same QTL were detected for all three races at the seed-
mine the causes of the differences in estimates of theling stage and that there was no evidence for QTL �
additive effects of QTL5 and QTL 6 at the seedlingrace interaction could be interpreted as evidence for
stage and adult plant stages (Fig. 4). The presence ofnon-race specificity of the seedling resistance QTL.
resistance alleles at both QTL increases, more than pro-However, this interpretation cannot account for the DH
portionally, the chances of recovering the resistant phe-lines that were resistant to only one or two of the three
notype. Even though there is no statistical evidence for
QTL � QTL interaction, from a disease management
point of view, having resistances alleles at two QTL loci
is 30% more likely to give a disease resistance pheno-
type than having resistance alleles at only one of the
two loci. Resistance alleles at the two QTL are necessary
but not sufficient, for the resistance phenotype. These
seedling resistance genes may show incomplete pene-
trance. Similar results were reported (in this case includ-
ing significant epistasis) for seedling resistance QTL
on chromosomes 4(4H) and 6(6H) in the Calicuchima/
Bowman population (Castro et al., 2002a).

Two possible explanations are (i) the two QTL con-
trol different components of the resistance pathway and
(ii) the expression is a function of the inoculum load.
The degree of disease resistance is determined by vari-
ous epidemiological components such as number of
infections, rate of lesion expansion, pathogen fructifica-
tion, length of latent or incubation period, spore deposi-
tion, and infectious period, and number of propagules
necessary to establish infection (Berger, 1977).

If the seedling and adult plant stripe rust resistance
QTL in Shyri represent the effects of the same genes,
and each of these genes determines a different compo-
nent of resistance, it is possible that a single component
could slow the rate of epidemic progression under fieldFig. 4. Least square means of the probability of occurrence of the

resistant phenotype in individuals with resistance alleles on QTL5, conditions but not under greenhouse inoculation. There
on QTL6, on both QTL5 and QTL6, and with no resistance alleles is some evidence for the cascade effect of multiple resis-
for each stripe rust race and for all three races (left vertical axis). tance genes in the seedling resistance data in that QTL5Least square means of adult plant disease severity for the same

is necessary, but not sufficient for resistance: consideringindividuals in four environments (right vertical axis) (Marquez-
Cedillo et al., 2001). only the lines which have the Shyri allele at QTL5,
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the ratio of susceptible: resistant lines is 1:1, and the and Mendelian, in a common genetic background. These
experiments should prove useful in unraveling the com-probability of resistance in the joint analysis was 33%.

In contrast, considering only the lines which have the plexities of stripe rust resistance in barley and it is hoped
will prove useful as a model for developing cultivarsShyri allele at QTL 6, the ratio of susceptible: resistant

lines is 3:1 and the probability of resistance in the joint with durable resistance and for integrating molecular
and epidemiological approaches to understanding plantanalysis was 17% (Fig. 4).

Regarding inoculum load, Luke et al. (1972) reported disease resistance.
“threshold-related” late resistance to crown rust (caused
by Puccinia coronata Corda) in oat (Avena sativa L.), ACKNOWLEDGMENTS
which was inoculum load dependent. In our data the
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inoculum load was typical for an environment favorable
for disease development. Under controlled environment
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